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We verify the immersed boundary-lattice kinetic scheme (IB-LKS) by simulating three
typical non-Newtonian uid ows; a symmetric Poiseuille ow, a non-Newtonian uid
forced to ow through a porous medium, and the sedimentation of circular particles in
a non-Newtonian uid. In the numerical calculation of a symmetric Poiseuille ow, the
numerical results of velocity proles show a good agreement with the analytical solutions.
The relationship between the ux and the force through a porous media computed by the
IB-LKS agrees with the generalized Darcy's law. A comparison between the numerical
results and those of previous studies in the calculation of the sedimentation of particles
demonstrates the validity of the IB-LKS for calculations of non-Newtonian uid ows
with suspended solid particles. The IB-LKS eectively solves the problem of the velocity
slip observed in ow simulations with the immersed boundary-lattice Boltzmann method
at a high relaxation time.
Key Words : Computational Fluid Dynamics, Lattice Kinetic Scheme, Immersed Bound-
ary Method, Non-Newtonian Fluids, Power-Law Model, Particulate Flow
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Fig. 1 Schematic diagram of a symmetric Poiseuille ow.
The circles indicate the boundary nodes xb and uid nodes
xf used in the IB-LKS
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Fig. 2 Velocity proles calculated by the IB-LKS for the
symmetric Poiseuille ows normalized with respect to the
mean ow velocity.
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Fig. 3 Velocity distribution of a Newtonian uid forced to
ow through a porous medium.
???? (x = 100) ???? x??????? ux ???
??? (13)?????????n = 2?n = 1?n = 0:75 ?
??????????????????+??Fig. 2 ??
??????  > 2????IB-LBM??????????
????????? (4, 5)?n = 1????????????
??? IB-LKS? Reynolds??? 0.4??????????
 = 0:3???????????????? IB-LBM???
??????  = 1:4 ?????????????????
???????????n = 2? Shear thickening uid???
IB-LKS ?????????  = 0:57449 ????IB-LBM
????????  = 2:22347?????????????
???????????????????LKS ?????
???LBM??????  = 1?????????????
???????????????????????????
???????????Fig. 2??????
3.2. ?????????
Fig. 3??? 33??????????????????
???IB-LKS????????????????????
???????????? 121x??????? 10x ?1
?????????????????? 180 ???x???
?????? F = 10 7 ?????Peskin????????
??? 0:5x??????????????? (3)????
???????? 0:5x ???????????????
????????? 0:175x????? (1)???????
?? 1 = 0:1x?n = 1????????????????
??? Fig. 3????Reynolds?? 1:32710 3?????
(1)????1 = 0:5x?n = 1:1??????????? ?
1 = 0:02x?n = 0:9 ????????????????
???Fig. 3?????????????Fig. 4 (a)?(b)??
?????n = 0:9???????? (shear thinning uid)
??n = 1:1??????????? (shear thickening uid)
?????????  ?????????????????
?????????????????Fig. 4 (a)?????
????????????Fig. 4 (b)??????????
???????????n = 0:9?n = 1:0?n = 1:1????
??????? q??? F ????? Fig. 5???????
x
y
????
???
???
????
????
????
????
ν
(a) Shear thinning uid (n = 0:9)
???
???
????
x
????
????
????
????
y
ν
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uid (n = 1:1)
Fig. 4 Viscosity distributions calculated by the IB-LKS.
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Fig. 5 Flux as a function of force for simulations of uid
owing through the porous medium.
Table 1 Verication of the present results based on the
Darcy's law.
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0:9 1:111 1:0807 2:7229
???????????? (9)??????????Zou ?
???????????????????????????
???????? (10)??????? 2 [cm]???? 6 [cm]?
????? r ? 0.1 [cm2/s]??????? 1.0 [g/cm3]??
????? 1.25 [g/cm3]???? 0.125 [cm]?????? 4
[cm]?????????????? 201 601??????
? 25x???????????? 360?????????
??? 0:218x????????tr ? LKS??????
?????  ????tr = x2r=r ?????????
(11)?n = 1 ????? = 0:1????? xr = 0.01 [cm]
???????????tr = 0:0001 [s]????n = 0:95?
n = 1:00?n = 1:05?????? t = 0:5 [s]???????
???Fig. 6??????????????? Reynolds??
0:0326?????n = 0:95??? 1 = 0:05x?n = 1:05?
?? 1 = 0:2x????
Fig. 6 (a)?(c)???????????????????
???????????xr = 1:0 [cm] ?????????
???????Fig. 7 (a)?(b)????Fig. 7 ???????
???????????????????????????
???????????????????????????
??Shear thinning uid?????????Shear thickening
uid ????????????????????????
???Fig. 6?????????????????????
???????????????????????????
??? (Shear thinning uid)??????????????
??????????? (Shear thickening uid) ?????
Wan?????? (12)? ??Fig. 6??????????
??????????????Fig. 8 (a)?(b)???????
????????????????? (n = 1)??????
????Wan?????? (12) ?????????????
(a) n = 0:95 (b) n = 1:00 (c) n = 1:05
Fig. 6 Sedimentation of a particle in a channel (t = 0:5 [s]).
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(a) Shear thinning uid (n = 0:95)
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(b) Shear thickening uid (n = 1:05)
Fig.7 Viscosity distribution for the sedimentation of a par-
ticle in a channel (t = 0:5 [s]).
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(b) Longitudinal coordinates of a particle
Fig. 8 Sedimentation of a particle in a channel .
4. ????
???????????????????????? LKS
??IBM ??????????????????? (??
????) ?????????????????Symmetric
Poiseuille ow????????IB-LBM????????
???????????????????????????
???????????????????????????
?????????Darcy????????? IB-LKS??
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
??????? Papanastasiou?????????????
? (6) ????????????????????????
?????????
??????????????????????????
??????????????????????????
???????????????????????????
??????????????
????
(1) Yoshida, H. Horii, H.?Micromechanics-Based Contin-
uum Model for a Jointed Rock Mass and Excavation
Analysis of a Large-Scale Cavern, Int. J. Rock Mech.
Min., 41(2004), pp. 119{145?
(2) Chen, S.?Doolen, G. D.? Lattice Boltzmann method
for uid ows, Annu. Rev. Fluid Mech., 30(1998),
pp. 329{364?
(3) Peskin, C. S.?Flow patterns around heart valves: A nu-
merical method, J. Comput. Phys., 10(1972), pp. 252{
271?
(4) Le, G.?Zhang, J.? Boundary slip from the immersed
boundary lattice Boltzmann models, Phys. Rev. E,
79(2009), pp. 026701?
(5) Seta T., Rojas, R., Hayashi, K., and Tomiyama,
A.? Implicit-correction-based immersed boundary{
lattice Boltzmann method with two relaxation times,
Phys. Rev. E, 89(2014), pp. 023307?
(6) Ohta, M., Nakamura, T., Yoshida, Y., Matsukuma
Y.?Lattice Boltzmann simulations of viscoplastic uid
ows through complex ow channels, J. Non-Newtonian
Fluid Mech., 166(2011), pp. 404{412?
(7) Yoshino, M. Hotta, Y. Hirozane, T. Endo, M.?A nu-
merical method for incompressible non-Newtonian uid
ows based on the lattice Boltzmann method, J. Non-
Newtonian Fluid Mech., 147(2007), pp. 69{78?
(8) Inamuro, T., Yoshino, M., Ogino, F.?Accuracy of the
lattice Boltzmann method for small Knudsen number
with nite Reynolds number, Phys. Fluids, 9(1997),
pp. 3535{3542.
(9) Glowinski, R.?Pan, T.-W.?Hesla, T. I.?Joseph, D.
D.?A distributed Lagrange multiplier/ctitious domain
method for particulate ows?Int. J. Multiphase Flow?
25(1999)?pp. 755{794?
(10) Zou, Q.?He, X.?On pressure and velocity boundary
conditions for the lattice Boltzmann BGK model, Phys.
Fluids, 9(1997), pp. 1591{1598?
(11) Feng, Z.-G., Michaelides, E. E.?Proteus: a direct forc-
ing method in the simulations of particulate ows, J.
Comput. Phys., 202(2005), pp. 20{51?
(12) Wan, D.?Turek, S.? Direct numerical simulation of
particulate ow via multigrid FEM techniques and the
ctitious boundary method? Int. J. Numer. Methods
Fluids?51(2006)?pp. 531{566?
(13) Gheissary, G., van den Brule, B. H. A. A.? Unex-
pected phenomena observed in particle settling in non-
Newtonian media, J. Non-Newtonian Fluid Mech.,
67(1996), pp. 1{18?
(14) Yu, Z., Wachs, A., Peysson,Y.?Numerical simulation
of particle sedimentation in shear-thinning uids with
a ctitious domain method, J. Non-Newtonian Fluid
Mech., 136(2006), pp. 126{139?
t = 1:1[s] t = 2:1[s] t = 3:1[s]
(a) Velocity distribution (n = 1:00)
t = 1:1[s] t = 2:1[s] t = 3:1[s]
(b) Velocity distribution (n = 0:95)
t = 1:1[s] t = 2:1[s] t = 3:1[s]
(c) Viscosity distribution (n = 0:95)
Fig. 9 Sedimentation of thirty particles in a channel.
